Introduction
The presence and the severity of liver fibrosis are the main prognostic factors correlated with the risk of developing cirrhosis and its complications in patients with chronic liver diseases [1, 2] . Liver biopsy remains the gold standard reference method in assessing the degree of liver fibrosis [3] [4] [5] ; however, liver biopsy is a costly and invasive procedure with rare, but potentially life-treating complications, including bleeding, pneumothorax, hemothorax, and death [5] [6] [7] . In addition, sampling error can occur and extracellular matrix remodelling is a dynamic process susceptible to progression and regression [8, 9] . Therefore, the use of non-invasive methods for assessing fibrosis has become essential in clinical practice [5] . The best single surrogate marker of liver fibrosis is liver stiffness measurement by transient elastography (TE), which holds an accuracy of over 85% in diagnosing significant fibrosis (METAVIR F2 or equivalent) [10] . A number of patented and non-patented biochemical tests have shown to be of value for the non-invasive diagnosis of fibrosis. Among the non-patented serum biomarkers, aspartate aminotransferase (AST) to platelet ratio index (APRI), age-spleen-platelet ratio index (ASPRI), and Fibrosis-4 index (FIB-4) have been shown to be simple and effective in assessing the degree of liver fibrosis [11, 12] .
Doppler ultrasonography (DUS) is a non-invasive method that has been used for more than 20 years in the evaluation of hepatic blood flow in patients with liver cirrhosis [1] . It can define the velocity and characteristics of blood flow within the portal system and the hepatic and splenic arteries [2, 13] . Previous studies have shown that portal vein flow velocity [14, [15] [16] [17] [18] and resistance index of the hepatic [1, 14, [20] [21] [22] and splenic artery [21, [23] [24] [25] [26] mirror the severity of portal hypertension in patients with cirrhosis. Given these observations, DUS is routinely used in the follow-up of patients with cirrhosis. Nonetheless, few studies have investigated the use of DUS in the assessment of significant liver fibrosis.
We hypothesised that the use of a combination of unrelated methods, namely DUS parameters, liver stiffness by TE and non-patented serum markers of fibrosis, would improve the discriminative ability of TE alone for the non-invasive diagnosis of significant fibrosis (≥F2 fibrosis or equivalent). By using liver biopsy as a gold standard reference method, this study was designed to test our hypothesis.
Material and methods
This study was approved by the Ethical Committee of our hospital in accordance with the Declaration of Helsinki (2000 revision of Edinburgh). We performed an observational retrospective study which included 102 consecutive patients with compensated chronic liver disease, who underwent clinical work-up and liver biopsy for elevated liver function tests (LFTs) from 1 st January 2010 to 1 st December 2015. All patients were diagnosed and treated at a tertiary care facility. The etiology of disease was based on liver biopsy, and thus patients were classified into one of the following categories: alcoholic, viral [hepatitis B (HBV), hepatitis C (HCV)], autoimmune [autoimmune hepatitis (AIH), primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC)], metabolic [non-alcoholic fatty liver disease (NAFLD), Wilson's disease, hemochromatosis, α-1 antitrypsin deficiency], and cryptogenic.
Patients with acute or acute-on-chronic liver injury: acute alcoholic hepatitis, acute viral hepatitis A, B, or C, drug-induced liver injury, vascular liver disease, alanine aminotransferase (ALT) levels >5x upper limit of normal, acute-on-chronic liver failure, decompensated cirrhosis with encephalopathy, variceal bleeding, ascites, or reactivation viral hepatitis were excluded.
All patients received the same work-up consisting of serum biomarkers, DUS examination, TE, and liver biopsy within a time period of 5 days. We collected biochemical parameters: AST, ALT, and platelet count, as well as demographic data for each patient on the first day of admission. Non-invasive scores for the assessment of liver fibrosis (APRI, ASPRI and FIB-4) were calculated using standard formulas at admission (Table I) . TE examination was performed in the morning, in patients who had fasted for a minimum of 6 hours, immediately followed by DUS.
Doppler Ultrasonography DUS measurements were performed by an experienced hepatologist in the portal trunk, hepatic artery propria and splenic artery using one of either Toshiba Xario SSA-660A or Toshiba Aplio SSA-790 ultrasonographic system (Toshiba, Tokyo, Japan), with a 2-6MHz multifrequency convex probe. Patients who demonstrated the presence of portal vein thrombosis, collateral vessels, suspicion of hepatocellular carcinoma (HCC), or a transjugular intrahepatic portosystemic shunt (TIPS) on ultrasound were excluded.
In the portal venous system, we recorded the diameter and the flow velocity of the portal vein and splenic vein. The diameter, the systolic velocity, the diastolic velocity, and the Resistance Index were measured for the hepatic artery propria and splenic artery. The congestion index was calculated using the formula: CI = (π × portal vein diameter 2 /4)/portal vein velocity (PVVel). The resistance index was automatically calculated from the Doppler spectrum as (Vmax -Vmin)/Vmax), where Vmax was the maximum systolic blood flow velocity and Vmin was the maximum end-diastolic velocity. We also measured the splenic craniocaudal diameter.
Transient Elastography TE using FibroScan® was performed by an experienced hepatologist using an M probe, in patients who fasted for at least 6 hours prior to examination, in the supine position, with the right arm in full abduction, on the mid-axillary line with the probe tip placed in the 9 th to 11 th intercostal space with a minimum of 10 measurements [27] . Liver stiffness (LS) values were regarded as valid if the following criteria were met: 1) number of valid measurements at least 10; 2) a success rate above 60%; and 3) an interquartile range (IQR, reflecting the variability of measurements) less than 30% of the median LS measurements (M) value (IQR/M ≥30%) [27] .
Liver Biopsy
Biopsy was performed percutaneously under ultrasound guidance using a 17 gauge needle on the mid-axillary line between the 9 th and 11 th intercostal spaces, with a minimal acceptable specimen length of 15 mm. An experienced specialized liver pathologist evaluated the obtained biopsy specimens. The degree of liver fibrosis was evaluated semi-quantitative according to the METAVIR scoring system and was scored on a scale of 0-4 as follows: F0 = no fibrosis, F1 = portal fibrosis without septa, F2 = portal fibrosis and few septa, F3 = numerous septa without cirrhosis, F4 = cirrhosis [28] . Patients were further categorised into two groups according to their METAVIR score; Group 1 included non-significant fibrosis (scores of F0 and F1), and Group 2 included significant fibrosis (F2-4).
Statistical analysis
By combining Doppler parameters, non-invasive scores and LS values of TE, which were found to have statistically significant correlations to METAVIR score as input values for artificial neural network (ANN), we generated classification models and compared these models in search of a combination of input parameters which would best separate patients with clinically significant and clinically insignificant liver fibrosis. Parameters for the proven quality models were sensitivity, specificity, Area Under the Receiver Operator Curve (AUROC), and absence of data overfitting.
Patients with and without significant liver fibrosis were classified using multilayer perceptron ANN with two hidden layers. The training group consisted of 70% of the patients, while the remaining 30% were in the test group, in accordance with the optimal structure of an ANN. The typical structure of a neural network is formed by an input layer, 1 or more hidden layers, and the output layer. The neurons in the input layer receive the data and transfer them to neurons in the first hidden layer through the weighted links. Here, the data are mathematically processed, and the result is transferred to the neurons in the next layer. Ultimately, the neurons in the last layer provide the network's output [29] . For an ANN to function accurately, it needs to be trained, which includes the process by which we add to each training sample input (patient data) and the known output information (correct classification, in our case the presence of significant fibrosis). After each pair of input-output data passes through the ANN, the computed network output result is compared with the real outcome, and the error rate is then calculated. Based on the error rate, the weight of each connection is adjusted in such a way that the error between the real outcome and the actual output is reduced. An algorithm that makes these adjustments move from layer to layer in a direction from output layer to input layer (the opposite of the usual way data flow through the network) is called a back propagation algorithm and is the most widely used method applied in the process of ANN training [30] . The dataset used for ANN construction and training is randomly partitioned into training and validation samples. The training sample is used to train the network; a validation sample is used to assess the final neural network; the error for this sample gives a good estimate of the predictive ability of the model because the validation cases were not used to build the model, and hence a seemingly small number of patients are used in the validation group [31] .
Comparisons between subgroups were made using the Kruskal Wallis test and Pearson correlation. P values less than 0.05 indicated statistical significance. Statistical analysis was performed using SPSS version 22.0.
Results
Demographic, clinical characteristics, degree of fibrosis by METAVIR, and etiologies of liver disease of patients included in the study are shown in Table II .
DUS parameters
Mean values of DUS parameters in patients with nosignificant fibrosis (Group 1) and those with significant liver fibrosis (Group 2) are shown in Table III . As shown, most Doppler parameters were similar in the two groups. However, differences were noted in the hepatic artery diameter and hepatic artery systolic velocity, along with the hepatic artery diastolic velocity, splenic artery systolic velocity, and splenic artery resistance index, all of which were higher in the patients with significant fibrosis. The average values of these above mentioned, statistically significant Doppler parameters to the degree of fibrosis by the METAVIR score, are shown in Table IV . By analysing each individual Doppler parameter, we determined the cut-off values for predicting ≥F2 fibrosis that are detailed in Table V. Correlations between Doppler parameters, TE, noninvasive scores and METAVIR score are shown in Table  VI . Hepatic artery systolic velocity, hepatic artery diastolic velocity, splenic vein diameter, splenic artery systolic velocity, splenic artery Resistance Index, TE, APRI, and FIB-4 were all found to have statistically significant correlations to the values of METAVIR score.
TE and serum biomarkers
The optimal liver stiffness cut-off for determining ≥ F2 fibrosis by transient elastography was found to be 7.1 kPa, with a sensitivity and specificity of 92.0% and 66.7%, and an AUROC of 0.867. FIB-4 with a cut-off of 1.765 was found to be best at predicting ≥ F2 fibro- Average values of age, platelet count, AST and ALT levels depending on the degree of fibrosis as determined by METAVIR score are shown in Table VII .
Combination of unrelated tests: ANNs
Using ANN, a model for the prediction of clinically significant liver fibrosis was made. The distribution of liver fibrosis by METAVIR score between the training and the validation groups is shown in Table VIII , and was not statistically significant, p=0.525.The Hepatic artery diameter, the hepatic artery systolic and diastolic flow velocity, the splenic artery systolic flow velocity and the splenic artery Resistance Index showed the best prediction for fibrosis. Sensitivity of this model alone was of 75.0% with a specificity of 60.0%. Combining the same Doppler parameters with non-invasive scores for the assessment of liver fibrosis (APRI, ASPRI and FIB-4) gave a much better model for the prediction of clinically significant liver fibrosis as demonstrated by a sensitivity of 81.8% and a specificity of 85.7%. By adding TE we got a model that had a sensitivity of 88.9% and a specificity of 100.0% (Table IX) .
Discussions
Although liver biopsy remains the gold standard for assessing liver fibrosis, due to its potential for adverse events and contraindications, non-invasive tests are becoming increasingly more important. So far, many noninvasive methods have been developed in order to predict the presence of clinically significant liver fibrosis; however, no single method has been discovered to be superior to the others [32] . In recent years, parameters obtained by DUS of the portal venous system and the hepatic and splenic arteries have been studied in order to find a correlation between these findings and the degree of liver fibrosis.
In this study, we evaluated the possible role of hemodynamic parameters obtained by DUS alone, or added to other unrelated and updated non-invasive tests, in predicting the presence of significant liver fibrosis, using liver biopsy as a gold standard.
The primary result of our study showed that Doppler parameters seem to be of limited value in diagnosing significant fibrosis when used alone, however, their addition to TE and serum markers significantly improved the non-invasive prediction of fibrosis. Therefore, we have developed a model for the prediction of clinically significant liver fibrosis using an ANN approach. With METAVIR scoring by biopsy as a reference standard, Doppler parameters showed to be the best predictors of fibrosis. By employing a combination of non-invasive tests for the assessment of liver fibrosis alongside the Doppler parameters, we obtained a much better model in the evaluation of clinically significant liver fibrosis. The fact that the data in this study was not linearly separable, using ANN as a non-linear statistical data-modelling tool allowed a greater level of precision in classifying patients in with and with no clinically significant fibrosis category. We employed two hidden layers in the structure of ANN, because this was a more precise classification tool when compared to a network with only one hidden layer. Salkić et al used a decision tree, with the parameters classified according to FIB-4 and APRI values, and thus created a similar model for the assessment of liver fibrosis [33] .
Majority of our patients were females similar to Glisic et al who also included more female patients in their study [22] . This differs from other countries where the majority of patients were male with viral or alcoholic etiology. This difference in our population sample can be explained by the fact that, in our clinic less patients are treated for viral hepatitis (the majority of our patients are treated by the Infectious Diseases specialist), and the alcoholic liver disease is often diagnosed in later stages. The age range was of 19 to 75 years; cirrhosis (F4) was diagnosed predominantly in older patients, while patients with no liver fibrosis (F0) were generally younger, findings which confirm the results presented by Piscaglia et al [1] . The highest AST and ALT levels were measured in patients with F3 fibrosis, while patients with the lowest values were without any fibrosis (F0). Kelleher et al showed that AST values >60IU/L are strongly associated with significant liver fibrosis [34] . The mean platelet count was the highest for patients with no fibrosis (F0) and the lowest in patients with cirrhosis (F4), which is consistent with the studies conducted by Wai et al [35] and Saitou et al [36] .
In our analysis, the average diameter of the HA was the widest in patients with METAVIR stage F3, while the narrowest diameter was seen in patients with F0. Similarly, the lowest average value of HA systolic velocity was demonstrated in patients with F0 while the highest values was seen in patients with cirrhosis. The Systolic velocity in the HA is a good indicator of fibrosis, as confirmed by our data, evidenced by the fact that the average value monotonically increased as the METAVIR score increased from F0 to F4. Patients with F3 fibrosis displayed the highest average value of HA diastolic velocity, whereas the lowest value was seen in patients with F1. Likewise, the highest average value of SA systolic velocity was seen in patients with cirrhosis (F4) and, as expected, the lowest was seen in patients with F1. As concerning the SA-RI average values, the highest was observed in patients with cirrhosis and the lowest in patients at stage F2. The hepatic congestion index was the highest in patients with F3 and F4 and the lowest in patients with F2.
By analysing these results, it was observed that an increased diameter and a higher systolic and diastolic blood flow velocity in the hepatic artery was present in patients with clinically significant liver fibrosis and that the systolic velocity of the hepatic artery increased in patients with liver cirrhosis. This is similar to several studies in the field, which show a progressive increase in the hepatic artery diameter and blood flow in patients with more severe fibrosis, as a result of a progressive arterialisation of the liver circulation [37, 38] .
The hepatic artery resistance index was shown to have no significant correlation with significant liver fibrosis and cirrhosis in our sample, in contrast to other studies that have shown that HA-RI is in fact, a significant predictor of fibrosis and cirrhosis of the liver [1, [19] [20] [21] [22] [39] [40] [41] [42] . This discrepancy may be due to homogeneity in the etiologies of other studies, as compared to the various etiologies in this study; and also due to larger sample size of other in-vestigations. Our study however, showed that the systolic velocity and the splenic artery resistance index (SA-RI) was higher in patients with significant fibrosis and cirrhosis. Salvatore et al showed that the SA-RI cut-off of 0.56 enabled the identification of patients with liver stiffness values >13kPa obtained by TE (value associated to the presence of cirrhosis) [42] , and in two independent studies it was shown that SA-RI was significantly and selectively increased in patients with cirrhosis [25, 43] . Binţinţan et al found that the SA-RI was higher in patients with oesophageal varices than in patients with no varices [44] .
TE is by far the most common non-invasive clinically used tool; however, due to its failure in patients with obesity or ascites, it has an applicability of 80%, lower than the serum biomarkers [32] . The biomarkers conversely do not require operator experience and have a higher level of applicability of > 95% [32] ; therefore, our model of combining Doppler parameters and serum biomarkers (APRI, ASPRI and FIB-4), would potentially bridge the gap in problematic patients where TE cannot be performed. Nevertheless, TE and biomarkers are almost equivalent in detecting significant fibrosis, although TE is superior in the detection of cirrhosis [32] . Our triple combination of Doppler, TE and biomarkers, could thereby unify these discordances, particularly inintention-to-diagnose analysis [45] .
There were some limitations in our study which should be addressed in future investigations. Firstly, our patient population was heterogenic, with a small number of representative viral hepatitis B or C patients. Therefore, future studies should be etiology specific. In line with this, approximately one third of our patients had biopsy-proven cryptogenic liver disease, which is an astonishingly high number. Global research is currently focused on non-alcoholic liver disease as a frequent cause of cryptogenic cirrhosis [46] and should, therefore, be the focus of future studies. Furthermore, 29.4% of our patients had liver cirrhosis, which is a large number that has been associated with 'spectrum bias', however, this is not uncommon in a tertiary care facility [32, 47] . Perhaps the final limitations, are the overall small number of patients included in the analysis and the lack of use of other noninvasive modalities such as 2D-shear wave elastography and 3-D magnetic resonance (MR) elastography, something which can only be improved by conducting larger scale, multi-centric, prospective studies.
Conclusion
Based on the findings of this study we can conclude that combining DUS parameters with TE and serum markers of fibrosis allows a more accurate prediction of significant liver fibrosis as compared to each single method alone. The model obtained using ANN in which the input components are non-patented serum markers of fibrosis (APRI, ASPRI and FIB-4), liver stiffness measured by TE and Doppler parameters (hepatic artery diameter, systolic and diastolic hepatic artery and systolic splenic artery velocity, and the splenic artery resistance index) had an excellent accuracy for the non-invasive diagnosis of clinically significant liver fibrosis.
